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ABSTRACT 

This paper examines some methodologies for diagnosing correctly designed 
radio circuits which are failing to perforin in the intended way because 
of some faulty component. Particular emphasis is placed on the utility 
and necessity of good teleological descriptions in successfully executing 
the task of isolating failing components. 
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L trlreduclicn 


We beliefs tbal problem solutions, whether they are corr outer programs, eleclronk circuits^ or 
mathematical prools, are del herately designed . Doth design and diagnosis lie. repair) are pro-testes 
where n alternate solutions are proposed, evaluated, and debugged. We Ihmk Ihe most elfective 
processes are those we call 'Problem Solving by Debugging Almosl-Right Plans’ ( p SBOARP) ^Fahlman 
1973, Fahlman 137^ Sussm^n ]9?3, Sussman L9?4, Goldstein I974a> GiOidsleini We want to 

understand th* important fealur** of Ihe process o! design and (N relationship pf th*?e lectures to 
the- orRnniialion ol deliberately designed structures. Wp Itel Inal the micro-world el radio circuitry ■$ 
it reasonably l O'.!; trained. yel interesting, domain in which lo mcanur# p $0OARP sRrOwn L 974, 
McDermott )974>. This paper is an exploration ol ore irr-Dorlant pari □! the problem of debugging 
such circuits, that oF *Dcali?aliQn of ia lures , 

There are some very obvious features ot any product Ol PSQDoEP. Every such system 15 matte 
up of distmcl part*, bp Ihpy slatpmentj Ol a program, electronic components, or lines ol 3 proof. Fach 
part has a Purpose — there are mo accidental parts <tallKq.u2.T1. (ha»e may b« vestigial pari* whose 
purposes are no longer relevant). Most important, the system must have heem deOuagable ; bugs 
arising in the design must have been totally patch able. This requires that the system not be 
completely synergistic- There must be specific aggregations at parts — modules having distinct and 
somewhat independent Function's. These mod^'es may Only interact in constrained ways through 
distinguished interlaces called ports. 

Wathemat cal proofs aro segmented into lemmas, each, of which can he debugged privately. 
Frograms have subroul nes and macros, Otlen hierarchically arranged. Radios are (lierarehreally 
modular. They are divided mto sectior’s, stages, reworks, and atomic -components. Animal* too have 
Organ systems, Organs, tissues, and ml's. THs m no accident. The only amnals which could have 
evolved ore ones In which j, minor design change would not have global side sftecit. 

Paris [modtiies are h-gher level parts) must be -sesrribedL The description 01 every part in a 
deliberately designed system has al teasl two components — what r| is, and whal it does in a 
particular inslance Ot its use — the intrinsic and extrinsic descriptions respectively, pr in the language 
□f Freeman and Mewell ^Freeman "structural" and "(unctionaf descriptions. Thus, * SjiFd, 20V 









capacitor (intrinsic deS'Criptton) may servo » an intarsi age coupling capacitor or emitter-bypass 
capacitor (eulrinait descr p: ons>. A n« ttt>w -bant^ high ga n amplifier nay serve as an tF amplifier 
(exlrinsic description), An hensiblc muscular bag lined with a particular kind or mucous membrane, 
closabte a? two porl-s by sphincters (in shod, a. stomach) may serve as a vessel in which the frrst 
stages of |he digestion ol proteins is performed The Chinese Remainder Theorem is intrinsically e 
Ihodrcm aboul modular aril hma lie, bid when used as a lemma :n Godel's Irtompletoness Theorem, it is 
pari of a scheme For encoding and decoding WF-Ts, 

This pwser describes the edesign for a program, LOCAL i'pa>t Ol a lwg.ee ?£EJDARP system), 
whflse our pose is to local ze failures in electronic circuits -- that is, to find the smallest (most 
embedded) module in a circuit which completely contain; 1H* failure. The program we shall 1 describe 
will be able to diagnose a wide range of rado circuit*. 31 is not designed wilh &oy one circuit in mind. 
Tlie wide rangn of applicability precludes a d agnpsis selely by methods pF fabld-look-up tf hough it is 
pD'isiFilr to diagnose a pa*fielder c rcuil this way.) Rather, it tncourarges ab-slracting diagnoses from 
an understanding ol the drcuil's design. Thus we hope to learn ho* the principles of electronic 
circuitry relate to the print pies ol failure localization in efelibisrate systems, 

Modules al dd torenl levels ol Organization of a hierarchical system may require vis|1y different 
analytical techniques for thinking about Those modules. A compter computer program written in LESP 
may hr described wilh bindings, functions, conditional expressions, etc. At the level of rnach'na 
wnplementalion of LJ$P we see garbage collection, interrupts, and two's complement arithmetic. The 
machine is made of rej inters, trusses, ports, eto. The logic is made of TTL, CM0$, or transrstots- 
Transistors are understood in forms of statistical mechanics, quantum theory, afd Msu-welFc Equet ons. 
In animals there is a clear jump at the boundary ol organ and tissue, tvsorpholagical comsiderations 
prevail in discussing organs and Organ systems; tuotheimtil considerations a r e dominant *t the level 
of 1 issue ond cell, tn radios too, I here seem 1o be at least two distinct domains. 51 ages and sections 
are Ihe domain of signal processing.. We speak ot mixers, oscillators, amptifiers, and detectors as 
Operating On signals, intra-stoge analysis, in contrast, is the domain oF voltages, currents, and 
imped a^es. 

LOCAL is a hie r archal structure of experts. One for each generic class at module. Hie structure 


i$ locally imposed in the sense that the decision as I* what expert should be called next resides 
largely with individual module experk r*1hw Hum some exlirmsi 1 agf!”1. Figure LI illustrates. hie 
basic layout bt alt experft. The general mode of Uperal-on is as follows: ^hsn LOCAL re presented 
with a module suspected of maltuncliOning ‘n a specific way, the expert !*r tind-ng bugs in modules Of 
that class is ejtled with a description of Hk tymptOm(sf observed b 1 the ports of that module. Thus 
the RADIO expert m*y be tullrd with |Jhr Symptom?. NO OUTPUT or DtSTOfiTIQtl Oft STROMG SIGNAlS- 
The FQWER-SLFRLV expert might he tilled with the aymiitom INCORRECT VOLTAGE, Experts are loath 
to put the blame cm them associated ircda'cs. Hence when cafad with any sympl-am, ar* experl First 
checks its module’s mouts and then ueriFias that the tlaimed symptom is really there. (This 
delerminelion w It be fuflher explained In section 3.) The expert, having, convinced Iii>rseif of the 
Symptom, must then pin Ihe bUme fin soms submodule of his module. Filing the blame requires 
pfDpofiir.il a candidate Several proposal techniques are util'iect including a prtoof probebilitres ct 
Failure, "knowing the answer," matching Iha complaint against the extrinsic purposes of submodules, 
and! tracing. Given a proposed fa-lure mechanism, LOCAL must check that the failure cou'd lead Co the 
Observed misbehavior, ke. is it a satisfactory explanation? [Satisfaction rrvust be determined with 
respect to Ihe particular circuit being examined since the proposal may have been based on genera! 
principles lhat are rot applicable in the present instance.) This entails forward causal reasoning that 
may be triviaf, as is the case when tracing. Or quite complex, as wilt be evident in sOrre of the ml re- 
stage debuggir-rg scenarios that we wilt see shcM y. The Final step is to verify that the da ned trouble 
is the actual trouble. This, verification stop is a recursion step, for another eispert (jsjpcraltd wilh 
the rvewly proposed 1 ailing submodule) is invoked with |l>e failure complain!, Recursion, terfoirtsfes on 
iovokirig xf. oxbrrl who qsnnol localise the problem to somo more embedded submodule. 

An. obvious case Of 1 his s an expert for an albmic cOmoOnent, e.g. a transistor. A more 

Subtle case — tugge-sted to US by Marvin Mmsky — 1$ faili/te due to ghrcral overheat infl, 

wherein all modules are 1o biame;. hence Ihe recursion lerm nales wilh Ihe RADIO expert, 

Smce each, step in an experfs orocessing schema rray fail, an exped may return failure messages as 
well .i‘. '.urerss message' In ■*: ral nr: "T 1 :, » '. nO 1, I ail ■•;{!“ ’?'■■. riiiJule is *» I rife, :je:.a-.:!.e 

fsrjbmadd/Te> is tailing n fdeserfp£fon> way." Tn.s module is failing but Ihe failure locus cannot 
be resolved lurlher." An experl rray also complain that ils Caller Is unfair — This module is not 
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gelling correct incut on fport-frakM>,* We would hho to emphasize On* additional feature -of 
LOCAL’S experts that is revealed by figure 1,1: an expert factors, inl-0 13 an expert-independent 
control s triad ure that is common to every level of the hierarchy Imposed by LOCAL, ind 2> declarative 
an>d imperative knowledge p-e-cul n* to that expert. In the factions that Foltow *e shall be investigating 
the nature and use o J the ex perl-specific lino*ledge. 

LOCAL will not be able tq accept a hare schematic digram al the ract^o circuit to be diagnosed 
We help lOCAL out by annotating the diagram, parsing it into the module hierarchy implicit in the 
design, represented hy the diagram. As part oF a PSBDA^P system, the plan maker wilF cerlainly leave 
this information on lls plans. For reading of externally supplied schematics, intend to construct a 
program capable at doing I he parting. The standard names Ot the modutes carry with I hem various 
descriptive comments about I hose modules, 

LOCAL communicates lo a human assistant tin the same descriptive language as used inside the 
program^ what measurements ar* tp he made, what Ibaps are to be- broken and tied oif, whal signals 
are to bo generated and whal parts are fa be removed and tested {by applying suitable signals to 
Ihe-rnt. Wo assume, of course, the availability of whatever signal generators and test instruments are 
necessary to carrying out the ass gned tasks. 

2. fliy L -J Om | NG Cl ROUT DIGRAMS 

The electronics repairman musl be able to understand A cktuit in order to repair it. This 
understanding is reflected in a process ot anndlalmg a circuit diagram to indicate the subproblem and 
solution hierarchy ot the circuit designer (see ■'Goldstein and sF?UTh on annolating 

simple programs!. What is I he- result OF this amOlalten? The- gurjos* of *lth part in the circuit 
diagram is determined An cxtnnsic comment describing how the part contributes to the proper 
Functions of the next higher level module is attr buted Fo that part. Extrinsic comments are "positive" 
in the sense I hat they lelE what it to he expected IF She design is working properly. Why not also 
have negative commentary indicating what should happen it a component were to fail? The reason is 
that the designer is only aware of the positive comments an completing the design. Negative 
commentary is not (usually) necessary So understanding the design, though (here are design features 




that prevent bu£S from occurring. Mfrreovar h we think 1ih#| urvArrstanding the underlying causes ai 
FaHpres depends, en urvder standing what She circuit Ought Id- be dong. 

Wp do not now know how to write a 01-03+am that produces a complete annotation From x bare 
circuit diagram. We do, however, know some oF the Features Such a program must have, As. with 
other oroteases combining parsing and recognition — speech recognition and vis on tor tsampt-e -- 
parsing ? tirtwil diagram into annotated submodules is guided el least as much by expectation as by 
syntax In a recenl 'manual" effort at annotating Ihs Healhkft DR- 7 B neciever cHeathkit we 

were pu22led by the circuit fragment <?F Frgmr* 2.1, We immediately recognized j-he nvoduta above tFie 



do tied line as * voltage doubler, enceot for the resistors 8423 and R425. Smce the resiolOrs are in 
series between two constant voltage nodes, it >s a good hn| that they are a vttlfag# divider- Hence 
[H4?4,R-il2S5 seems 1o olfset the AC oulput Ot the doubler by * DC constant. Why? Eventually we 























■ratalled thal we had never fa-jnd the source dF bias Fpr Ihe second gate of the dspleEfoii mode IGFET 
{insulated gate held efted Iransistpr), QLOI. (]1 meat have a non-zero bias in order for (he 1GFET (a 
do anything useful.} The unexplained DC oFfsel could provide iith t bas. Since the upper network is 
an AGC (automatic gain contra!) and the lower is an FF (radio-Frequency) amolitier, our interpretation 
is indeed correct. 

We have in mind a program |hj( could carry out iUth analyses in the (rump paradigm of Minsky 
xMinsfcy ]97A\ W® im^ingo a voltage doubler frame alternating to explain 1 he voltage otfsel and an 
t&PET Frame trying to *ind a bias lor ils secord gale. The two Frames meet by virtue or having a 
common port, and become happy by offering mutually sal siactery explanations^ (he ‘unfulfilled 
eipectaliOn" -- bias on the second gate la cdnslraii'l) — malches the Unexplained rrodu-e" — (he 
nryslerhous veil age divider (which mutl b« mignfrJ a purpose). Sint* * greet deal OF passive circuitry 
is concerned with making npn-ideal active components look more ideal, a good general strategy for 
parsing circuit digrams n to start with the active components and spread outward. A pair of 
resistors at th®- bate o( a Iransislor and connected to separate DC-fixed nodes is probably a base 
bias village divider. El tho IransislOTi m addihOn, has emitter resistor, il is probably being operated 
In * class A regime. kfcjreGver, if there is a capacitor connertir^. 'h® collector ot Ihe transistor to the 
base of yel another lransistOr, the caoacrtQr is probably an inter-stage coupling capacitor. This 
capacildr would deFin® a stags boundary. Understanding circuit diagrams seems to be a metier &f 
parsing top down trcm Ihe botlom uo. By this w® mean that we tin bn particular components (or 
ccltect pm of component;}, ;urrp to a conclusion about the u3* of those components, end attempt to 
joslify the conclusion by Ideal ing appropriate additional cont guralions Ot components. In jus I i tying a 
collusion, flcJdiliaoali refining conclusions may be tentatively made. This relaxation ^Wattz ID?? 7- 
prprtreds until the tensions caused by imexplamcd parts are relieved, 

]n the course £>f parsing a circuit's components into lunctional modules, we find Jhal a 
component [at submodule) may belong to more than one mcdJe. A trivial example of this is the inter¬ 
stage coupling capacitor, ts <E pari of the inpul stage, the Output stage, Or an entity unlfl Wseif? All 
may he true deperding upon the point of view. A similar amoiguity can be seen in the Circuit of 
Figure 2.1 by considering the extrinsic and intrinsic commentary on RlSi and CIO?. Extrinsicalty they 


form a low pres filter to protect the second gate of Q101 hom radio Jf^^ncy AC. Such AC tin 
sriie either Irom nqise on the power input port, or tram feedback IJwoi^h Cl01 itsellt. Intrinsically, 
however, (Rlft^CIQT) is a series combination to DC around from AGC*]'s point Of view and 9 paral'el 
combination to AC ground from Qj&L L s point oF view. 

We have been assuming until now that the designer supplied circuit diagram has nothin* On it 
but component names and values, and connection internal ion, This, is almost never the case. In f*t, 
all OF the 4\*gt#K we have ever seen indicate Ifo bias values fqr active component*, disting tish Ihe 
various functional stages, and * 5 tmg.uish various control variables Fboth internal and Onternel} in Ihe 
radio. A circuit dragrren annalaling prugra-c can - and stemfd - m r \t use OF such information. For 
sample, the digram ter the GR-73- inchafes that Q10L «F Figure 2,| Is part Of an RF amplrff-er. The 
annotater should know that RF amplHiert typically have variable-tuned circuits at therr input and 
frutpot sides. The complete amplifier, shown in Figure 2.2, has parallel LC combinations at both |he 
gale and drain sides of QLOl. The variability OF the capacitors clinches the matter and a reasonable 
annotaler would collect those components into modules and comment limn as ganged (unins circuits. 

Before leavii* the matter of parsing, we would like lo consider a Iragment of 4 completely 

parsed radio. Fijuro 2.3 is a block digram (a parti*l functional parsing} of Ihe Gfi-7^ ]t is a rather 

sophisticated general coverage, super-teterodyna, AM receive^ This jHetetort, to which additional 
cot men ts will be all ached, dan be gleaned Irom explicit cOmmentafy found On She manufacturer 

h 

Supplied circuit diagram of Itej GR-73. (The parser also imposes prejudices of its Own in collecting, 
Stages into larger modules.} Throughout the rest of this paper, we will be dealing with failures that 
arise in this particular design. We will expand Ehe stages into dalailed subcircuits is it becomes 
rocessary, 

We wifi now consrder a detailed annotation Of the miner si age of Figure 2 A The oyteinsic 
purpose ol 1 rower is to -rute-down* the modulated broadcast fraquency tp modulated into mediate 

frequency. IntrinsicalFy il is a narrow-band (*t ihe output side) RF amplifier whose gain in controlled 

by the voliage on the pscillttor pert. [RJO6.C20 1^201 J is 4 narrow -b*nql, parallel lunad tircuH, 
centered at 455ftH?. Eyternsicaiily, it provides a narrow-band constriction for the si ago 1 * output port. 
(1203,C206} is a series-tuned circuit centered at 910kHi. Exfrinsfrilfy It is a wide band frequency 


m 

t— 

si 


■V3 


r 

i 

i 

r 


f 


i 


F 


I 

I 


r 

r 

i 

T 

r~> 

§ 




£ 

T? 


3 

Cl' 

LT- 

1 


A&Crfl +9.6V 






































































































































FIGURE 2.4 
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trap. Q20L provider Ihe stage 1 * variable gain. (We * II -not give ntrinsie caitimerdery for individual 
components since they are already on Ihe diagram.} R202 n a source Feed-back stabiliflng resistor. 
€203 is a source bypass capacitor providing an AC shun! to increase I he stage's iftcre menial gain. 
P201 provides negative bias Fa the first gale. {*204^203} is a voltage divider, Extrinsical 1y it 
provides She positive bias For p£0L‘s set&nd gate. fq20SuC2O4} is extrinsitslly » low pass filter that 
fceeps the Fop 01 P200 DC-fmed despite RF on the second gate, lbe- drain, or the power port. From 
Ihe power por| s point pf view jR205,C2CMl) is intriin?*eally a seTies combination to ground, while from 
:he osEillfttor port's point o-F vie* it is a parallel combination to incremental ground, C#S and Cl]! 
are DC bbrK-ng capacitors tor thfrir respective port*. &i( hnat piece of extrinsic commentary on the 
mirer is IM L20t is center-tapped so as 1o insure that Ihe Q of the output luned circuil t? set by 
» 206 . 

3- IOTEP-STAGE DFBIJSfi rNn 

Laf us e K amirte the localiralion precis* in more detail if (he leveF of signal processing — inter¬ 
ne debugging. Suppose Ihe RAOEQ o*p*r1 is presented with this radio and (he symptom NO 
OUTPL/T, The RADIO Skpert, as per the s^h^me OF Figo»e 14, checks his power input pdrl (to make 
sure that the receiver is plugged inFt ard then the antenna terminal to see lhal (here is some signal to 
process, F'texl he checks th» outpri port and verifies lhal there is no signal leaving - a$ claimed. 
The RADIO expert cannot open any of his submodules ard look inlo fham-. He muit be corctenl to 
examine their ports and compare what h e sees wilh what oughl to be there, 

Because bugs in the power supply have such global consequences, the BADtO exper! is 
prejudiced toward proposing problems in the power supply first, Each power supply ouput port fs 
proposed in turn as hiving an incorrect voltage. The proposal is deemed satisfactory if the. obvious 
measurement shows the voUage to be interred. {Correctness is deduced from She sxlrimic 
commentary On (he power supply.) FF any such porl does not pass inspection - say, one 1o the audio 
■iBct'Oh SUSI !C lOb'S-PGRT is applied lo it. SUSPFCIOUS-FtQFTT mediate? be I ween stage experts, I( 
is expert-specific imperative knowledge, e-e. a chunk of code whose use is known to stage experts, 
As is illustrated below, it catche* complaints From inFerior experts and recommends to the calling 



ewt's proposer what port should be suspected m f I. SUSPICIOUS-PORT deterrn.nes it a.IhsF; l) 
The fault k 'n the source ot I he port {in this case 1 he power supply) for r*t producing (h B right stulf 
41b fn ?.£ fo. 2\ The fault rs m a target ot the j>ort, say the audio seclksn, Ipr overloading the port, 3) 
Overload'ng by the large) has caused a failure in the sOurre. 4) Of overdrryinj by I he source has 
caused a failure n the larget. Thus the RADIO e*per1 would tost tall up (vs* SUS p ]CIOUS-PQFT) the 
PCWER-SUPPLY expert, then the ALUJQ-SECTION expert, as bath mjy have bugs. 

]F r however, {he cower supply ports are Ok, the RADIO expert propels lhat the rural place to 
lOofc is the oupul moo'ule (in this- Case (he audio section).. Thu* SUSPECiOUS-PQRT i$ applied !d I he 
otitpul porl of the audio section. Prevroift verification of the radio's had output make* am #udto 
section bug a satisfactory proposal. {Natal that since this port has only am input side, SUSPICIOUS- 
PORT has only the First option listed above.) The- AUDIO-SECTION expert, when called, checks his 
inpuls and finds, !o1 us say, mo signal On hrs signal input port. -Re complain* lo the RADIO e*ptrf tvia 
SUSPICIOUS-PORT), his caller, that he has been unfairly accused. He recommends that SU$PICIOUS- 
PQRF be appi.ed fp 1h e audio section"* inpul port - Ihe port between fhe RF ahdl audio sections. Tht* 
causes: 1) the; source (RF section) to be suspected of not gens rating a correct -signal, 2) the audio 
Section to be suspected of presence, a tow input impedance, thus overloading the port, and 3) (a 
pr^or-f unlikely) the ?udiO section haa fault £} causing fault I). flh-fliher or not the AUDIO-SECTION 
export , s cal'ed ffl th(ik possibrlilies 2) or 3t depends upon what the flF-SECTIQN nypert returns, [f 
Ihe latter back eiroty-handed or wilh problem* near his output port (which he wilt explicitly 

tndicale), 5) and 3} must be investigated. Otherwise, SUSPICIOUS-POET will be satisfied wrlh 
explanalion I), 

The RF-SECTLON expert is called and Ihe bug Is $iniil*rry traced. Is il tle*r ihat this process 
can bo continued recurs-vely unfit some partlcJjr stage for pai- at itogest accepts the blame tor the 
trouble? There it a possible hikh - feedback. Suppose w» cOrr fl inlo the RF-SECTION expert with 
the symptom □ I5TQRT10'^ Off STRONG SIGNALS and Suppose that the distortion First appear*, on the 
output port oF Ihe 3F {intermediate frequency) strip. ]* l! possible that neither |ha [F atrip nor the 
detector is responsible? Yes' 1 Notice that in toktfion to a signai port. Ihe ]F strip has auxihary input 
ports rdr power *nd control, A possible ttuse ot the problem is Ihil the automata g*in control (AQC) 



bUSS brrtfmr mppcraliVF allowing $ Strong signal 10 overdrive if * L inlo rHlrt^ilktirity. the 
procedure that we have described tar, in lad, calch 1h*s. The 1F-STRJR experl, an checking h-s 
inputs, wiH discover that the rOntrOF input is ircorrecf Jdr the signal input, {Notice tha 1 ! descripliuns ot 
control signals iwjeI reflect lhei T dependencies dn dlher signals.) the RF-SECTlQPJ expert will then 
pass the tracd beck; SUSPICIOUS-PORT Will be applied to (he pOr? between the AGC buss end I he jF 
strip, Now, in l^cl, (he input signal fo Ihe AQC buss is dislflrltd, The AGC-0UES expert, however, 
does not cere what his input signal looks like other I hen its having sone minimal average voltage. 
Since most any input to the AGO buss will do, the problem must be in Ihe ADC buss Or in- Ihe IF sir ip. 

<0 f course, one could imagine Feedback situation* in which the del ails of Ihr signal fed back 
really did mailer, [n that case some sub-section esrptrl would h*v* pOSSed the (fits bftth t* i point 
dh)ng ft»e 5'gnal path that had already been visiied. This is a tip Otf Id Ihe calling expert lhal he is in 
A lOGo and had better do sOmelhing to break it. The general sululhon to Ihe problem is lo choose 
sOme Tro-fil in (he Feedback loop where it can be broken by terminating, the output side with the 
correct load, a-d simulating a good signal and source impedance at I ho input skta, Th« cfer'S'Cn a$ to 
whg-p the- loop should be broker, wilt be based on the Feasibility of supplying the correct terminal 
cOndiliOns and the mechanical inconvenience ot actually executing the breav 

How does LOCAL know what signals it should Find at the porta of Ihe various modules? Thrs 
rnldrmation is imolicil in the extrinsic descriptors oF the modules. The extrinsic description of the 
rjidro is Ihel it is a device that decodes RF encoded audio information into the base audio. T-hrs. 
doscrioho^i tells us lhal the : npu1 to Ihe radio must be RF a<nf its output is audio. Now oyr radio is 
composed OF an RF seclion whose exlrinsic purpose is to sense an amplitude modulated RF vpltueif sod 
put out Art aud'C F-npl lollpw? |hp modulation. Th's latter description not only defines Ihe I/O 

properties ol fhe RF section but further specifies the inpyl ppr{ signal *F the Overall radio. The RF 
section has a CQhveHsr Ihet mixes do»’rt empFitude mfrdu'aled iRF to AM;-tF al fl56kHz., Such charac¬ 
ter^ aborts go ell thrj w?y lo Ihe boMom oF the hierarchy. The transformational descriptions 
embod od in Ihe modules' extrinsic descriptions serve to define end r^Fi-e the nature Of the sign?! ?l 
rach port, Consequsnlly the obvious first task LOCAL should carry oul {on a radio it has nrv*r spi-r. 
b el ore) is lo walk over Ihe module hierarchy describing whal ihe signals should: be like al Ihe ports. 


hJoln lhp great power of the edr*nsic description*: 'hey thow LOCAL lo mate qualitative 
prod* Fi-on* about the output ssgnsf whemivijr Ihfr ir^ut signal it as required. The essential properties 
oF circuits can be p r edided mQ r c directly than might seem possible fusing inlrinsic descriptions) by 
Ignoring Fwo kinds of inFprniatiOrt: the precis* and gory deta : ls oF Ihe signal, and the nature of the 
output when the input is npl a$ the dr&ianer expected. Suppose that LOCAL koo*t (hat the mieer 
sta^e oF Figure 2.3 has al Os PF input port a LOQO'hH? signal, amplitude modulated at lO&Hte. LOCAL 
deduces front the eitrinsic descripliOn lhal (he signal ft IN output port is centered at 465kHz- and 
Amplitude modulaled at LGOHi. Indeed LOCAL could have deduced Ihe same output from the intrinsic 
descriptions indicaling. 1h?F the miser is a variab'a gain f?F amplifier with njrrpw-bind output wherein 
“he gain is governed 1 by the sinyaoidi''ly varying Output OF It* Oscillator. Son-e algebra and the 
considerat On pF the otrpyE litter would yie ! d Ihe dewed resdlt, bul with considerably mew* work. OF 
course the iriFrrnjrc compuFalian cPuld also I ell LOCAL 1h* elfett of Ihe osci lator’* oscillating, at 
555hHf as well 

We also think that eatrinsic descriptions a*e the tfiUKt (f Fhe ’structure" in structured 
programming. Imaging; Fpr example a tile system having a File deleting subroutine. The 
I act that in, the course Of ececut On this subroutine manipulated terlain interlocking 
mechanism? is iriwlevw# Fo understanding ils exFrins.c behavior as an agent For deleting 
files, 

At | his point we must admit lhal we over-simplified when we explained Ihe inlrinsic/ostrmtio 
dichotomy as "what ii is" versus "what !| does.' The deeper ora goes into Ihe hierarchy of extrinsic 
cfescriptian ot the T adiO, Fhe more one discovers how Ihe radio is implemented Note- also that the 
fracing technique we have dascribcd is applicable to any ‘Flow* processing system where the 
processing has distinguished stages, e.g. cha-mica: plants, programs, etc. 

4 . [ntr a 75 .(350 Ccbii^g, ng 

AFIer LOCAL localije* the problem to some stage, how dWs il manage to tome up with the 
olfending compdnanF? The analytic tools used n iota'-stage debugging, are not appropriate withm 
stages, as the nOliOro o>f signal and signal processing give way to the notions dF voltages, currents and 
Impedances. O-f these three terminal variables only the First is conveniently measurable in an 
operaling circuit. Then; must be a better way to isOtalt the luling <ompa^enl(i) lhan by removing 




fev^iry component from the stage and verifying Ms intrinsic specifications., 

We expand the prn[K>^l/*a1is1attion/vrriillation processing o( Figure 1.1 into |h« recipe Of 
Frfcurc 4J. The first order of business, aj m inter-slage debugging, is to verify that the inputs are 
acceplab e end that the outputs show I he sytnplorns indicated. The next thing that happens is that the 
DC rsodn polenlialt ar* measured a I the internal nodes (nodes not p*rf s qi po T t 5 } of th» ^uspeded 
itage. (This measuring process may be carried Qul complete y or it'may run «s a co-routine with Ihe 
analysis of the hypothesized faiiure.l ]f Ihe measured values are substantially the same as the vaiues 
On Ihe schematic, the^ more iha-i likely the problem is fo be found in some eS-Sentially AC subcircuit of 
the si age This observation is important So the next step in the recipe, Ihe proposal ot e plausible 
failure in some ten-poncnl. As was the case with the experte encountered irt inter-*tagn debugging, 
eupfrrb at this level have proposers with prejudices about whal to try, g.ven various complaints. As a 
defaull opt on, a proposer rr-ghf offer up faihtrog, .n their a priori Order of occurrence, tf the DC 
quiescent values are Of, Ihe proposal algorithm should give higher priority to »he consideration, of 
iaifures oF compon<m| s whose purposes a rs concerned with the stage’s signal coupling to the Outside; 
iritemjl AC feedback path* should be grven similar consideration, Ore might imagine that in the worst 
case LOCAL blindly verifies the inlrmsic specifattions of each campcrant. However, mast proposals, 
can be eliminated by Ihe arn'ysi.? packages which will atlempl 1o reason forward from a hyppthe^ed 
failure 1o st* if >t supports Uyr observed AC and QC symptoms oi lb* *tage. Finally a component 
eiffwrl is called upon to verily that the rndteated component really is the Culprit. 

This intrant age locals al ien scheme will work vary olf actively. Wl-*n a component fails, \hc 
Change in its beh^or <s rarely sublie, Typically a two-terminal component will have shorted oc 
Opened. A transistor is likely to suiter the sane sCirl of failure at one or the other ot its junctions, A 
sol Of such component Failures sorted in decreasing likelihood of occurrence might be (transistor, 
electrolytic capacitor, resistor, ordinary capacitor). Most ccKr-ponemt Failures lead to significant 
changes m the cruiescenl DC condition* (he stage. Th&se charges almost surely engender distortion 
«l not total sign a! loss. Thus most hyp<?lheses can b* tille^d ou [ h y t ether crude analytic program, 
called 3EAS whose behavior we wid describe shortly. 

Atso Id be considered ar* ihe number pf stoge experts end their expertise. There probably 
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abcul IwCi dozen generic stage lypes 10 be Found in radios. The siege experts 1 knowledge 
encompasses :In- lypio jI naniief.tavz.nc. pf sfaas lailures, typical stage input end output signals, and 
lypica.1 features Of imp'ementatiQns. of thft stag'd Each tvb* cd stage can have relatively few kinds df 
maiilestalions Of internal Failures: amplifiers may exhibit distortion, They may Oscillate, Or Ihey may 
deliver an output which is uniformly fin the Frequency domain) attenuated. An oscillator ceu deliver a 
lifter led periodic s grial, deliver a signal at the wrong Frequency (including am aperiodic signal), or 
deliver no signal at all. A demodulator may exhibit 'failure to Follow" distortion. As Figure 4.L 
indicates, experls are essentially the same Ircm Ihs procedural pck.nt of view. 

Let us examine (he working* of B|fi.£, which ligur#* mptf importmtly m in.franalysis. 
This analysis is based On the Iploology ol biasing networks, combined wilh simple qualitative models 
Ol Various circuit COmpOnents. 

We k.-rww of no pressntalidns ol such an inlormel m&rfel in Ihs literature oi electronics. 

Our conversations w th puOpIr who ar* active lit IF# 'held irtjitatii tb*l they alt US# SUCh 

models, though perhaps nol this one. 

We will introduce Ihe ckcuil model wilh a mechanical metaphor. E( should nol be confused wilh Ihe 
precise mechanical analogue wherein capacitors,. Inductors, and resistors a r e isomorphic '0 springs, 
masses, end dnshp:f>tr, rfnpp-tl'ively. The quriilative mOdn-l wn ar# using does nOl explain rOsOrtartl 
networks. It does qu-te effectively explain basing; "is use ol roatfivo components far blocking, 
coupling, and bypass.; ard — 1o some extenl -- Ihe large signat ba'^ivior of acliva components. 
Consider the common emitter amplifier oF Figure 4.2. Thare are '■rgid anchor nodes such as +V,£r- and 
ground, the stage expert perceives these as being fixed at some DC level. T-here are Ftoabng nudes 
such as tN> cOl'octor of 0, whoso pptenliais vary intremenlally with the prevailing signal conditions, 
The physical model el a resistor is that when One end of t moves,, the other end of it will be pulled m 
the same direction — ralher ike a spring. Inductors end capacilors are sim lar to resistors, except 
that their "spring cdnslants' vary with signal Frequency, Transistors have a more complex mechanical 
behavior: a bipolar Iransistor, operating in the aelw# region (eirut(#r-baSe junction forward biased 
and Ihe collector base junction reverse biased! acts as if Ihe base and emitter were connected by a 
string about O.bV long This means lhal the base (emitter) may H pulE" the emitter {base) but not 
*feusir It. For (he -purposes ol the mechanical model, Ihe connection between the emitter and cftltecldr 



FIGURE 4.2 


may be thought af aj i resistor (spring) whose resistance (spring cortstantl 1 varies weafcpy wilt* base 
current or emitter-bate voltage In addition tb these electronic properties of the transistor, a 
transistor can be operated n topologically distinct configurations — torrinon emitter, common 
collector, and corrmom base and In distinct duty cycle regimes — class A, B, and Q. Clas* A 
operaliom is. Imear, class. 0 operation recti ties but preserves amplitude modulation undislOrted, and 
cia'js C operation throws away alt signal intonnatien except frequency. BIAS can recognise- these 
regimes from h *; considerations. 

Now list’s sec how this, qualitative physics is actually imp'eirsnlid in BIAS. BIAS" purpose is to 
predict Ihe eiFects of a change al one bode on the bthor ncKfes ot a stage. To that end there are two 


















tmoartant computation?! structures: the aelocederd cute and the propaga^on path. Antecedent < , ulss 
describe t»pw a change on bn® node at a tDirpd^anS affects the compcrra-nt's other nodes. Chan-geS 
*rv reflected hy assertions in » data base. For a resistor the rule is simple: when one node movts 
(i,e. its, node pclenlijl changes) Ihe aSher node move* in Ihe same direction — but less sQ — provided 
that it rs not * static node. 9LAS (maintains a partial Order of the migniludes ol npdd potential 
movements whkh reMecli the Fact thal ora node 01 the rejistor moved more than the other. Bypas-s 
jhd coupling capacitors- have roles iirr*lar to that lor a retailor, accept lhal the applied incremental 
change must be at the stage's associated signal frequency. A more complex component hho ■ 
transistor must have » collection, □( rules to rsflleet thi* torepleMty. The data base contains assertions 
describing the operating configuration of Ihe transistor (*,g, dais's A h common erhUter, etc.) 'he 
Ohlecpcient rules associated with the tr*nsister, though triggered by assertions about nC-de potentials, 
must examine the conliguratten assertions to determine what causal hehavior to reflect in (he data 
base. For the transistor of Figure 42, a change in the base potential win cause 4 change OF the same 
magnitude and sign in the emitter potential. The collector potehliai will move in The opposite direction 
with a larger magnitude of change. 

Propagation paths are constructed by BIAS to m»k* convenient Ihe compulation o! Initial 
changes in a sieges quieten! DC conditions due to some component failure. Each flo-atirVft node' is 
examined and the palhs attaching it to fined nodes are noted. INodes 1h*t are pari of She si age? 
vjmiQps ports are considered 1-0 be freed From BIAS’S point of vi#w.) For eearapte, the base ot the 
Ifanss'Stor has the paths: ■= B-*Qq j-H> t < 3 4 QitfL" >4 ^CC J *’ 

■:B-O,P e - , 'G' , 0D.\ and <B<|ijCg-»Gtfl>. Propagation palhs have comments attached to them, indicating, 
for example, I hot a path with a coupling capacilCK it a DC Open unless I he capacitor short*. Similarly 
a path wilh a rad*0 frequency chore is an *tF Open unless the coil shorts. Polhs tbit traverse F‘M 
j unci ions conduct in only fme direction or the other, depending on the prevail mg biasing cbncJilions, 
This means 1 hat il a dtOde becOmsn reverse biased, its Iwa ends are disconnected in this mOdei. 

There is a final ride that should be mentioned before proceeding to examine some analyses 
carried Out by SI AS. Notice that Ihe amlecBdent rules that we have mflnNu"ed hold when * component 
is true to Ms intrinsic description in Che configuration indicated by Ihe circuit dingram. Not only can 


antecedent rues became invalid bec*me of component failures, prOpagalim paths may change as wstlL 
Hypothesized Failures Ingger the mari-Fact jre aF a new deta base context for BEAS f containing 
diMercnl antecedent rules arte propagation paths. Antecedent reasoning done subsequent to the 
hypothesized failure will hr reflected by assertions in (he new content. 

Suppose the presenting symptom g m*h to ths stage expert is that the stage (say, an audio pre¬ 
amplifier) 15 pK^itut ng horrendous distortion. En particular, it seems tp be delivering an amprilie-d, but 
feclHind, version ot its input signal at its oulput part. 

Ln our nitieF presentation of the method of mtra-sFagfl ans'ys-s we suggested Fhat all the 
quiescent node potenliel* may be measured First. En the present rllMStralions such 
•reasurerienls will be dar^ by co-routine wi 1 h I hr analysis and verification procedures. 

These illustrations are ml ended Id ex^bil the proposal af spire wrong hypotheses and 
their subsequent rejection, Followed Finally by the hypothesis and verification of the 
actual Failure. 

Ihe Opening pi «s hypaltwsized. Mince the node C lasts Ihe one path holding r[ up to This 

rneans (hat € musl fa 1 !. Actual measurement of C irvfrcates that il has risen with respect (0 ils nominal 
value.: so FNs hypothesis is rejected. The nert proposal 1$ that Rgj is shorted. (This hypolhesis 
would not re ally coire up because oF its a priori improbability, H is proposed here out ol its fl 
priori Order lo illuslrale the mechanism.} This means FhiF Fhe node B 'S shorted (0 ground. Actual 
measurement indicates I hit that has occurred. Since this upset t (he Forward biasing Of the emitler- 
b»« iunction, ihe transistor s cut oFf, i.e. -a collector current. Since there is no collector current 
flowing, there is no irbllage drop across R^, hence C rises to Actual meaturbment suppQTts this 

conclusion. Finally Fhe lack of collector current implies essentially zero emitter current, hervte no 
voltage to speak D( across R^. So the em Iter shoe d have Fa len to about ground potential. Actual 
measurement verities this as well. We now have a hypothesis which is verified by DC forward 
reasoning but it is unsatisfactory because Ihe charted resistor coupler the AC input Signal directly to 
ground. 8 EAS & model of 1 he transistor indicates that in Fhe common emitter configuration, (he base 
potential must be incrementally variable in order for the transistor to be operational, |f the base is 
shorled lo- a fired paint, il obviously cannot very. So *cthing should be On the common emitter 
amplifiers output port. (We note Fhal there is another component bug that satisfies the DC 
observations, but nol Ihe AC ones: the shorting ql the a milter base junction.) Finally the opening ol 
Fgl is proposed. B is held by *B-‘P 0 j-‘GNE>, <B^Q,R E .-»GtyCl>, s0-»R g j-HfV cc > and ,t B-*0jC E -*<iNOr 


* e -* R Bl "' 4 ^CC > '5 severed fay hypothesis *rid and ^ 0 -»O,C i r- f CW : ' arc DO Opens by 

viftue Ot the collector-base junction and bypass capacitor respectively. Corse-qua-nfly S is ha^d up to 
^v cc (known Id be positive w»th respect to groundl by One- path Igwerj he-nce □ wsl fa!!, tn fact i! 
should fall to ground since it lo hpld hy no other positive faxed point. Nc * 1 the following causal chain 
ensues; s ncc D has- fallen to ground, the base turfdnl Jo? Q is hence the cOilectdr and erwlter 
CUfrents are about «fo as well. Finally there is re vc tags drop across H, or sifoe there is op 
current in them; 50 C must rrse to about -tV^g *nd E durst tall to ground, AH these Oc conclusions 
correspond fo the DC fads as metoured, Given fbe way the IransiEler is now biased, Only pdsilivp 
swings of the iinput -will result In collector current, l.e. the stag* it oparitlng as a class S amplifier. So 
wo have a complrle explanation of the original cgmplalnl. The resistor expert is called On to verity 
|hal Rgj has Opened. It e-xtracts Rg. from Ihe circuit and tesls its intrinsic properties. The resistor 
experl reports thal Rn | is indeed open h wf-'ch cPmpleles the localization. 

The following example shows how a compound fa 1 lure is harried using the hypothetical coni erf 
rule we dosrihod above, Suppose that IDCAl. his iust diagnosed an Open emitter-base junction and 
that 0 is replaced to effect a repair, The same bug recurs in the ''repaired" circuit. LOCAL now must 
•fllsrtald Th* unpleasant possibility of a compound taiifure — one in which the observed failure of Q is 
a consequence 0 + some deeper cause. LOCAL must comp up with such e Failure. The Ea'lure of Q now 
becomes a symptom ol I tie as yet unhnown cause LOCAL musl enler a new pass Of proposal and 
verification. Suppose in l^e second pass at proposal I he opa"irg oF Hgj is hypothesized. The 
reasoning fhaf we saw previous y shows that the current flowing cn the collector (emitter) would 
decrease to its operating mi mi mu at. This state of al Fairs is c-^.te uni keiy to load to the Opening of 3 
transistor jumeti-on fhal we snow to be the case, Hence ihg opan-ng, of is rejected. Next the 
opening of Rg^ is proposed. Indeed the base bias potential would rise toward ' + Vgg, causing the 
collector femilter) current to be large, and having the possible secondary effect of □peniing the 
emitter^ base junction. Aclua OC measurements Pn I he transistor show that the base bias has 
remained essentially at the level set by the voltage divider. Consequently the opening ot Rgj must be 
rejected. Finally the aborting ol C-j. s hypothesiied The path* holding on to £ are ^E-K^Ry 
^E-KJ.Rq, ^^ > i- Jnt ^ Ag£ n P^tt 15 containing healthy capacitors are 


ignored. tp’s shorling means that £ ig pulled hard to ground. In- e*der Tor 0 to (rack E, the 
impedance *ccm by B looting inlq Q had better be very Small. Alternatively, if |he ullage drop ecrast 
R B1 becomes bi B enough lo allow 0 to 1*11 wilbin 0.6 V a I ground, (he current through Pt B1 increases, 
Ihe. difference .goe* through (he transistor, Thus the cal lector cutrinl ot the transistor mu*t 
increase, increasing (he thermal dissipation of the transistor, perhaps enceedi^ its rating. If no 
subsequent Failure occurred, all |h* Floating node potential* would fall, which is incompatible with 
observation, Three consequent failures are possible to hypothesize (he opening of tt*e emitter-base 
junction, the Opening of the cotltctor-base junction, or th*- Opening of R|_. Since the fir 5 t consequence 
corresponds to (to aclual state of a1f*lrg as analyzed and verified flnce before, the shorting of C £ fs a 
satisfactory hypothesis. The capacitor eajwrt is called lo verify a shorted C £ as proposed. 

Lei us now -consider two Other stage lype*, ah IF amplifier and an AM peak detector. The 
motivation for examining these is twp-fotd: first we should like to illustrate some fault proposal 
knowledge that is sla^e-spircrfic. Also Ihe bugs rn these slages will serve as an introduction la a 
mere precise analytic toot, A£0£5. Consider the IF amphlier of Figure 4.3. Hiving Focalized the fa,lure 
to this Stage, LOCAL present* thu stage expert with a complaint of no output »f „1!, Following the 
recipe printed at the beginning of this sector^ the stage expert discovers that the bias pOtenlials 
are ah up 10 specifications {thus Ihe transistor is probably OK). He passes to more ■speerfre knowledge 
about tF amplifier*. He knows 1 hat IF amplifiers, being narrow band, usually have narrow band 
filtering networks at Iheir input and output ports- Furthermore, in order to get a signal out of the 
amplifier, these Fillers had butler ag'ee as to whal band they want to pass. There are two 
mechanisms that night c»ote Ihe pass-bands to disagree: Ihe earlier frequency of ana filter has 
moved substantially with respect to- the cooler Frequsrcy of the olker. Alternatively, the jkirh of or,? 
for botht qf the filters may have been 'squeezed.- Since skirl width is controlled by circuit 
resistances, the a priori probability Of the first explanation is much higher, (The foregoing i? 
encoded in the proposal prejudices associated with (hr? slags,| Sd we need a narrow band filler 
expert whom the stage expert can a** tor laiEures thal might move Ihe center frequency. Hie filter 
expert, on receiving (he complaint of frequency shifl, might iTy an independent test (o verify that thal 
is indeed the caw. This coukl be done by injecting a tesl signal into the tiller. Having decided that 
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FIGURE 4.3 


the centre in«qwnty has indeed moved, ihe precise nalure of the 4ailure wifi be determined with Ihe 
h?ip til AEQES. Tiv*- evp^rt dqec *h analytic fit Ihe jams farm as 1hsf.e ** have already looked at: 
propos-al, 1orwa r d reasoning,, verification, the difference is lhal AEOES is the inference tool tar 
i-grv^rd reasoning, Ln the presenl c«e the Failure OF some component in the lyrrpd circuit would be 
prppcn;*d- The transfer function of the bi^,-fre* luned nelwork would he computed by AEDE5. then 
Ihe transfer function or the network with hypothesized bug would oe computed, this wOulcf enable 
LOCAL to camoare the cha r aclerislics Of Ihe buggy circuit with Ihe consequences OF (ho hypothesized 
bu-g. If they match, Ihe appropriate component expert is invoked For verification. 

I\bw lot’s look at lh* narrpw-bend peak envelope delecSOr stage of figure 4,4, The aperehon 
of this defrrtOr {which is re line I I'd in the CKtnrts.it r6n"nrn>aiy on ili par ts) Can he jndeffitDC-d as 
r edification followed by low pass Fillering. Suppose Ihe presenting complaint about ’he siege wore 
that it had no eudre Obtpul at all. Indeed some possible underlying cauw-s For thi-s mamfe-slitum could 
be understood in terms of Ihe mec ha-n cel metaphor we presented earlier. (®y "understand" we nun 
forward catKJl reasoning from the hypothesized failure to the Observed! mi.nl(bstaflon.) If the 


















problem were that Cf^ rjiodft had shorted, we daubt that the manifestation cow'd be understood Pthcr 
than by -doing a detailed AC circuit analysis. AEDES could be used 14 compute thq lianster function of 
the detector stage under I he conditions at the hypothesized shOrled ckode. The signal transformation 
properties pH me slag® — with the sug^es-fed failure — could then be compared with the observed 
translormalion proper Sips If the mslth n good, the appropriate component expert wouJd be invoked 
tor verilicahQn. ttoticc that this is a parHularly trivial detector. A mare complex one I ke Figure 45 
ready cats For rather precise analysis to come tD grips with its failure mechanisms, e.g. what happens 
il one dodo opens? We should also point out that there a r e more subtle bugs in peak detectors than 
the One mentioned, A detector may exhibit insufficient bandwidth or selectivity. It may also- exhibit 
"ripple" distortion, "failure to tollow" distortion, or dijtprlion due to improper offsetting OF ihe diode 
voltage drop. AN of Ihpse bugs can be underwood only by understanding the detailed AC operation of 
the circuit. 

AEDE5 re Ihe computational toot for urderjtanding detailed circuit behavior. AKJi.5 model? 
circuits in Forms of node equations and syslem tunctions. That, however* is where the simitarity with 
other circuit programs ends. (See for example cPpnfield 1971> and <Der1ouzos I967>.) AEDES is 
purely symbolic in two sender.. - rcl al , d-cuit descriptions are in terms of abstract algebraic 
parameters rather nurrenc descriptions. (Of course the parameters may bo bound to numbers and 
evaluated it desirect.J Thus circuit behavior ran easily bo examined under Ihe variation oF parameters, 
including Ihe eylreme conditions of ^prp and infinity. The second sense in which AEDES is a symbotio 
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FIGURE 4.5 


analyst ttol, is (ti»t il ►'as access fo the N*r*rtl*Cill destriptiue structure that LOCAL iurpOses on She 
radio. Thra permilE n^w netwares to be analysed m terms ot previously analysed sub-fpetwnrfcs. 

Although AEDE5 it a completely central circuit analysis system, it 49 also very expensive to use. 
Consequently we will limit its use to precisely the *ind of mtra-alage problem lhal we have jutl 
outlined. [AEDES hJ not unline a compels proof procedure; to be used only when eleven fasl 
methods Fail.) With guidance from I he siege expert, AEDES can determine the algebraic descriptions of 
She relevant pks bahds of I he IF ernplilnrr. This description, suitably evaluated, would allow the 
narrow-band lifer enpert to defe r mine how v*nous component failures might affect center frequency. 
Similarly, a ami a Pie piece -wise linear trade! of I he diode would allow a detector expert Id determine 
how the low-pass filler at Fhe defector’s oulput might bo- adFecled by various component Failures. 
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